One of the most critical issues to be solved in regard to cancer chemotherapy is the establishment of ways to predict the efficacy of anti-cancer drugs for individual patients. To develop a prediction system based on expression of specific genes, we analyzed expression profiles of mononuclear cells from 18 chronic myeloid leukemia (CML) patients who were treated with the tyrosine kinase inhibitor STI571. cDNA microarrays representing 23 040 genes identified 79 genes that were expressed differentially between responders and non-responders to STI571. On the basis of the expression patterns of 15 or 30 of these genes among the patients, we developed a "Prediction Score" system that could clearly separate the responder group from the non-responder group. Verification of this system using four additional ("test") cases succeeded in predicting the response of each of those four patients to the drug. These results provide the first evidence that gene-expression profiles can predict sensitivity of CML cells to STI571, and may eventually lead to the achievement of "personalized therapy" for this disease.
Chronic myeloid leukemia (CML) is a clonal disorder arising from neoplastic transformation of hematopoietic stem cells, most of which are characterized by the presence of a Philadelphia chromosome (Ph) and by constitutive activation of BCR-ABL tyrosine kinase. 1) CML progresses through three phases; chronic phase, accelerated phase and invariably fetal blast crisis. Conventional therapeutic options include interferon-α and allogenic stemcell transplantation (SCT). Interferon-α prolongs overall survival, but has considerable adverse effects. SCT is the only curative treatment, but is associated with substantial morbidity and is limited to patients with suitable donors. Thus, the prognosis of CML is still poor.
Development of the ABL-selective tyrosine kinase inhibitor STI571 (imanitib; Glivec; Novartis Pharmaceuticals, Basel, Switzerland) was an important advance in the management of CML. 2, 3) With this drug, around 90% of CML patients are induced into hematological complete remission, and in more than 60% of patients Ph chromosome-positive leukemia cells are completely or partially reduced without severe adverse effects. 4) Thus, STI571 has become the first choice drug for the treatment of CML, and its promising effects make it difficult to decide the timing for SCT. 5) Moreover, time and medical cost are wasted if the drug is ineffective, and non-responsive patients risk losing a chance for alternative chemotherapy. Therefore, accurate prediction regarding effectiveness of a specific therapy is of critical importance for CML patients. Recent studies have demonstrated that information generated by cDNA microarray analysis of gene expression in 12 These authors contributed equally to this work. 13 To whom requests for reprints should be addressed.
E-mail: yusuke@ims.u-tokyo.ac.jp human tumors can provide more accurate data as to the nature of cancer cells than traditional histopathological methods are able to supply. [6] [7] [8] The promise of such information lies in its potential for improving clinical strategies for treating neoplastic diseases.
With this in mind we applied a microarray of human cDNAs consisting of 23 040 transcribed elements to analyze gene-expression profiles in CML cells, with a view to developing a novel system for predicting responsiveness of an individual CML patient to treatment with STI571. We identified a group of genes as differentially expressed among 12 patients belonging to the "good responder" category and six who showed no response to the drug, and established a "Prediction Score" system that correctly predicted the responsiveness or non-responsiveness among four additional test cases. Our results suggest that the expression levels of a set of genes selected in this way can determine the fate of CML exposed to STI571, and that such information may lead to "personalized therapy" and thereby improve the quality of life and prognosis of CML patients.
We obtained peripheral blood samples with informed consent from 22 Japanese adult CML patients prior to treatment with STI571. Each patient was then enrolled into a phase II study of STI571. mRNA from eighteen samples in which more than 65% of cells had been positive for the Ph chromosome prior to treatment, by means of a FISH analysis detecting a bcr/abl fusion gene, 9) were analyzed on our cDNA-microarray system. Fabrication of our cDNA-microarray system containing 23 040 cDNAs Fig. 2 . Expression patterns of the 79 discriminating genes among 18 CML patients. The mean (µ) and standard deviation (σ) were calculated from the log-transformed relative expression ratios of each gene in responder (r) and non-responder (n) patients. A discrimination score (DS) for each gene was defined as follows: DS=(µ r −µ n )/(σ r +σ n ). We carried out permutation tests to estimate the ability of individual genes to distinguish between responders and non-responders; samples were randomly permutated between the two classes 10 000 times. Since the DS dataset of each gene showed a normal distribution, we calculated a P value for the user-defined grouping. 7) Horizontal rows represent individual genes; vertical columns represent individual samples. Each cell in the matrix represents the expression level of a single transcript in single sample, with red and green indicating transcript levels respectively above and below the median for that gene across all samples. Black represents unchanged expression; gray indicates no or slight expression (intensities of both Cy3 and Cy5 under the cut-off value). Color saturation is proportional to the magnitude of the difference from the median. 10) We prepared mononuclear cells using Ficoll (Amersham Biosciences, Buckinghamshire, UK) and extracted total RNA using TRIzol (Life Technologies, Inc., Grand Island, NY) according to the manufacturer's instructions. After treatment with DNase I (Nippon Gene, Tokyo), T7-based RNA amplification was carried out as described previously.
11) Two rounds of amplification using 2 µg of total RNA as starting material yielded 40-100 µg of amplified RNA (aRNA). For control samples we also performed two rounds of T7-based RNA amplification to obtain sufficient amounts of aRNA. RNA amplified by this method accurately reflects the proportions in the original RNA source, as we had confirmed earlier by semi-quantitative RT-PCR experiments, in which data from microarrays were consistent with results from RT-PCR whether total RNA or aRNA was used as the template.
11) Labeling, hybridization, washing, scanning, and quantification of signals were performed as described previously 11) except that all processes were carried out with an Automated Slide Processor. 10) Sixteen patients with CML in the chronic phase were treated with 400 mg/day of STI571 and two patients in blast crisis were treated with 600 mg/day. We determined the clinical response to STI571 by cytogenetic criteria; that is, by the percentage of peripheral blood cells positive for Ph chromosome by the FISH analysis.
4) The 12 patients who showed major cytogenetic responses (less than 35% of cells remaining positive for the Ph chromosome) were classified as responders (red lines in Fig. 1) , whereas the six patients with more than 65% of cells still positive for the Ph chromosome after 5 months of STI571 treatment were considered non-responders (blue lines in Fig. 1 ). The remaining four were reserved to test the predictive scoring system later (black lines in Fig. 1 ). Of the 22, two "learning" cases were in blast crisis phase and two "test" cases were in accelerated phase (Table I) , and their cytogenetic responses were analyzed within 12 weeks after the start of treatment, because STI571 was clinically ineffective and was discontinued within 12 weeks (Table I, Fig. 1 ). As controls we used a mixture of mononuclear cells from peripheral blood of 11 healthy volunteers.
We first selected genes using two criteria; (i) signal intensities higher than the cut-off level in at least 80% of the cases; (ii) |Med r −Med n |≥0.5, where Med indicates the median derived from log-transformed relative expression ratios in responders or non-responders. Then we carried out a permutation test to select genes that were useful for separation of the responder group from the nonresponder group (see the legend of Fig. 2) . As a result, 79 genes were listed as candidates that showed a permutation P-value of less than 0.05. Expression levels were increased for 33 of those genes and decreased for the other 46 in the non-responder group, as compared to the responder group (Fig. 2) .
Using this information we attempted to establish a scoring system to predict the efficacy of STI571 treatment. We calculated the prediction score according to procedures described previously. 7, 12) Each gene (g i ) votes for either responder or non-responder depending on whether the expression level (x i ) in the sample is closer to the mean expression level of responders or non-responders in reference samples. The magnitude of the vote (v i ) reflects the deviation of the expression level in the sample from the average of the two classes: V i =|x i −(µ r +µ n )/2|. We summed the votes to obtain total votes for the responder (V r ) and non-responder (V n ), and calculated PS values as follows: PS=((V r −V n )/(V r +V n ))×100, reflecting the margin of victory in the direction of either responder or nonresponder. PS values range from −100 to 100; a higher absolute value of PS reflects a stronger prediction. Next we rank-ordered the 79 candidate genes on the basis of the magnitude of their permutation P-values (Table II) and calculated the prediction score by the leave-one-out test for cross-validation using the top 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, and 79 genes on the rankordered list. For the leave-one-out test, one sample is withheld, the permutation P-value and mean expression levels are calculated using the remaining samples, and the class of the withheld sample is subsequently evaluated by calculating its prediction score. We repeated this procedure for each of the 18 samples. Then, to determine the number of discriminating genes that provided the best separation of the two groups, we calculated a classification score (CS) for each gene set (see the legend of Fig. 3A) . The number of genes used for calculation influenced the power for separation of the two groups. We obtained the best separation when we used the top 15 or 30 genes in our candidate list for calculation of the scores (Fig. 3A) . The "Prediction Score" system using these two sets of genes clearly separated the two patient groups (Fig. 3B) . Hierarchical clustering using the same gene sets was also able to classify the groups with regard to STI571 sensitivity (Fig. 3C ). This analysis was performed using webavailable software ("cluster" and "treeview") written by M. Eisen (http://genome-www5/stanford.edu/MicroArray/ SMD/restech.html). Before the clustering algorithm was applied, the fluorescence ratio for each spot was first logtransformed and then the data for each sample were median-centered to remove experimental biases.
To validate this prediction system, we investigated four additional ("test") cases that were completely independent of the 18 "learning" cases used for establishing the system. We examined gene-expression profiles in each of these four blood samples and then calculated a prediction score for each of them using the panels of 15 or 30 discriminating genes. As shown in Fig. 3D , responsiveness of each of these four patients to STI571 was predicted accurately.
Treatment of CML patients with STI571 provides a considerable advantage over treatment with interferon-α, because the degree of cytogenetic response obtained by STI571 is clearly higher, with less severe adverse effects. 13) However, as around 40% of CML patients fail to achieve major cytogenetic response, 4) it is important to establish a way to predict the efficacy of STI571 before therapy is undertaken for an individual patient.
In this study we profiled the gene expression patterns of mononuclear cells from CML patients using a comprehensive cDNA-microarray system containing 23 040 genes, with a view to establishing a "Prediction Score" system. We identified 79 genes that were differentially expressed among patients who showed good response as opposed to poor response to STI571, and ranked them by the permutation test (P-values of <0.05). Then we attempted to optimize the power to separate the two groups by selecting a subset of the discriminating genes on the basis of CS. We obtained the best CS using subsets of 15 or 30 discriminating genes; the scoring system based on these two subsets separated the two groups very clearly. Our scoring system was also able to predict accurately the response to STI571 of four additional cases. Although four patients who were in accelerated and blast crisis phases of CML were included, our scoring system classified all cases, as to their chemosensitivity to STI571. We believe that the use of CS is a reasonable approach to selecting appropriate indicators for predictive scores.
The 79 genes that showed different expression levels in responders versus non-responders might provide interesting insight into the biological mechanism underlying the response to STI571 in CML. Among these genes, Apex nuclease (APEX) was over-expressed in the non-responder group. APEX is the major apurinic/apyrimidinic endonuclease (Ap endo), with a key function in the DNA-repair system that confers resistance to ionizing radiation and alkylating agents in human cell lines. 14) APEX, which stimulates the binding of MYB (v-myb myeloblastosis viral oncogene homolog) to DNA, is a known accelerator of proliferation and was up-regulated in all CML cells in our experiments. 15) On the other hand, Kruppel-like factor 4 (KLF4) was suppressed in the non-responder group. This gene is a zinc finger-containing transcription factor, enriched in epithelial cells, that is known to suppress cell proliferation. 16) Thus, down-regulated expression of KLF4 in the nonresponders might abrogate regulation of the cell cycle. We suggest that the 79 genes that may affect sensitivity of CML cells to STI571 could serve as molecular targets for overcoming chemoresistance and also for development of novel drugs.
Although adverse drug reactions caused by STI571 are much less severe than with other anti-cancer drugs, its long-term use may ruin the chance of a non-responder to benefit from alternative therapies. Hence, we believe that our prediction system should provide an opportunity for potential non-responders to achieve a better prognosis and a better quality of life, although certainly a larger-scale study is warranted. Our data suggest, however, that the goal of "personalized medicine," giving the right drug to each patient, may be achievable by selecting a set of genes for its predictive value according to the approach shown here. However, to establish optimal prediction we should consider including genotypic information such as single nucleotide polymorphisms (SNPs) that might influence the metabolism of the drug in question.
